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Tadalafil may improve cerebral perfusion in
small-vessel occlusion stroke—a pilot study

Joakim Olmestig,' Ida R. Marlet,' Rasmus H. Hansen,? Shazia Rehman,?
Rikke Steen Krawcyk,'? Egill Rostrup,® Kate L. Lambertsen®®’ and (Christina Kruuse'"®

New treatments for cerebral small-vessel disease are needed to reduce the risk of small-vessel occlusion stroke and vascular cogni-
tive impairment. We investigated an approach targeted to the signalling molecule cyclic guanosine monophosphate, using the
phosphodiesterase 5 inhibitor tadalafil, to explore if it improves cerebral blood flow and endothelial function in patients with cere-
bral small-vessel disease and stroke. In a randomized, double-blinded, placebo-controlled, cross-over pilot trial (NCT02801032),
we included patients who had a previous (>6 months) small-vessel occlusion stroke. They received a single dose of either 20 mg
tadalafil or placebo on 2 separate days at least 1 week apart. We measured the following: baseline MRI for lesion load, repeated
measurements of blood flow velocity in the middle cerebral artery by transcranial Doppler, blood oxygen saturation in the cortical
microvasculature by near-infrared spectroscopy, peripheral endothelial response by EndoPAT and endothelial-specific blood bio-
markers. Twenty patients with cerebral small-vessel disease stroke (3 women, 17 men), mean age 67.1 = 9.6, were included. The
baseline mean values * standard deviations were as follows: blood flow velocity in the middle cerebral artery, 57.4 = 10.8 cm/s;
blood oxygen saturation in the cortical microvasculature, 67.0 = 8.2%; systolic blood pressure, 145.8 = 19.5 mmHg; and diastolic
blood pressure, 81.3 = 9.1 mmHg. We found that tadalafil significantly increased blood oxygen saturation in the cortical microvas-
culature at 180 min post-administration with a mean difference of 1.57 = 3.02%. However, we saw no significant differences in
transcranial Doppler measurements over time. Tadalafil had no effects on peripheral endothelial function assessed by EndoPAT
and endothelial biomarker results conflicted. Our findings suggest that tadalafil may improve vascular parameters in patients with
cerebral small-vessel disease stroke, although the effect size was small. Increased oxygenation of cerebral microvasculature during
tadalafil treatment indicated improved perfusion in the cerebral microvasculature, theoretically presenting an attractive new thera-
peutic target in cerebral small-vessel disease. Future studies of the effect of long-term tadalafil treatment on cerebrovascular reactiv-
ity and endothelial function are needed to evaluate general microvascular changes and effects in cerebral small-vessel disease and
stroke.
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CBF = cerebral blood flow; cGMP = cyclic guanosine monophosphate; IL = interleukin; NIRS = near-infrared

spectroscopy; NO = nitric oxide; PDES = phosphodiesterase 5; PDESi = PDES inhibitors; TCD = transcranial Doppler; Vyica =

velocity in the middle cerebral artery.

Brain with cerebral
small vessel disease

Introduction

Cellular dysfunction of the endothelial lining of blood
vessels may contribute to cerebral small-vessel disease
and stroke (Cooke, 2000; Shi and Wardlaw, 2016).
Cerebral small-vessel disease is involved in 25% of is-
chaemic strokes (Sacco et al., 2006). The clinical syn-
dromes of cerebral small-vessel occlusion stroke (lacunar
stroke syndrome) (Fisher and Minematsu, 1992) are div-
ided into the following clinical presentations with ap-
proximate percentages stated: pure motor stroke (50%),
pure sensory stroke (18%), sensorimotor stroke (13%),
ataxic hemiparesis (4%), dysarthria—clumsy hand (6%)
and atypical lacunar syndrome (9%) (Arboix et al.,
2001; Arboix and Marti-Vilalta, 2009). Patients with
cerebral small-vessel disease-associated small-vessel occlu-
sion stroke usually have short-term minor symptoms.
However, progressive cerebral small-vessel disease and
the risk of recurrent stroke can lead to vascular cognitive
impairment, severe disability and vascular dementia, even
with optimal secondary prevention (Steinke and Ley,
2002; Roh and Lee, 2014). Identifying a treatment that
targets cerebrovascular disorder with endothelial dysfunc-
tion may have a great impact on mortality and morbidity
worldwide.
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Endothelial dysfunction involves several cellular proc-
esses. Reduced production of the signalling molecule ni-
tric oxide (NO) by endothelial NO synthase (Davignon
and Ganz, 2004) may be an important mechanism. NO
release to the smooth muscle cells mediates relaxation,
blood vessel dilation and increased blood flow due to
augmentation of the second messenger cyclic guanosine
monophosphate (cGMP) in the smooth muscle cells
(Davignon and Ganz, 2004). The enzyme phosphodiester-
ase 5 (PDES) is key (Kruuse et al., 2005) for modulating
the ¢cGMP response in the smooth muscle cells as it
hydrolyses ¢cGMP to inactive guanosine monophosphate
(Arnold et al., 1977; Francis et al., 1980; Bender and
Beavo, 2006). Blood flow to the brain and most periph-
eral organs is partly regulated through this mechanism
(Cosentino et al., 1993; Kruuse et al., 2001). Dysfunction
of the NO-cGMP signalling system may cause impaired
cerebral  perfusion and  cerebrovascular  reactivity
(Hainsworth et al., 2015). Studies show that patients
with cerebral small-vessel disease have reduced cerebral
blood flow (CBF) (Markus et al., 2000; O’Sullivan et al.,
2002; Schuff et al., 2009; Shi et al., 2016; Arba et al.,
2017), potentially explaining why improved blood flow
in the deep white and grey matter could be a useful ap-
proach to slowing cerebral small-vessel disease pathology
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and the risk of stroke. Currently, there is no treatment
targeting endothelial dysfunction in cerebral small-vessel
disease and stroke (Pantoni, 2010; O’Brien and Thomas,
2015).

PDES inhibitors (PDESi) are used to treat erectile dys-
function, benign prostatic hyperplasia and pulmonary
hypertension. The most commonly used are sildenafil
(Viagra), tadalafil (Cialis) and vardenafil (Levitra). PDESi
reduce ¢cGMP degradation and act as vasodilators by
enhancing and prolonging the effect of the NO-cGMP
pathway (Maurice et al., 2014) (see Fig. 1 for cellular
mechanisms). In addition to dilating peripheral blood ves-
sels, PDESi reduce platelet aggregation (Gresele et al.,
2011). Other PDEi (dipyridamole and cilostazol), not spe-
cific to PDES, have anti-platelet activity and are used as
secondary prevention in stroke (Gresele et al., 2011). In
general, secondary stroke prevention targets platelets but
not the progressive endothelial damage that occurs with
cerebral small-vessel disease. In animal studies, PDES5i re-
duce neuronal apoptosis, oxidative stress and inflamma-
tion in the brain after stroke. Furthermore, PDESi
increase angiogenesis and CBF to ischaemic areas of the
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Figure | Proposed model of PDES5i on cerebral blood
vessels with endothelial dysfunction. The figure shows a
cross-section of a contracted and dilated blood vessel. The dashed
box demonstrates the interaction between the endothelial cell and
the vascular smooth muscle cell. In endothelial dysfunction, a
reduced amount of NO is produced by endothelial cells, leading to
reduced cGMP concentration in the vascular smooth muscle cell.
PDESi limit the breakdown of cGMP and, therefore, increase cGMP
concentration within the smooth muscle cell and further lead to
smooth muscle cell relaxation, dilation of the blood vessel and
increased blood flow. The following graphic explanations apply:
stimulates (line with arrow —), inhibits (line with bar ——]) and
stimulates indirectly (dashed line with arrow ---»). Arg: arginine;
eNOS: endothelial nitric oxide synthase; GMP: guanosine
monophosphate; GTP: guanosine triphosphate; sGC: soluble
guanylyl cyclase.
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brain, improve functional outcome and, in some studies,
reduce stroke lesion volume (Olmestig et al., 2017).

We hypothesized that a single 20-mg dose of tadalafil
would temporarily dilate vessels and thus lower blood
flow velocity in the middle cerebral artery (Vyca) and in-
crease blood oxygen saturation in the cortical microvas-
culature in patients with cerebral small-vessel disease and
small-vessel occlusion stroke. We also hypothesized that
tadalafil would improve peripheral endothelial function
measured by EndoPAT and improve values for endothe-
lial and inflammatory blood markers. Tadalafil was
chosen because of its long plasma half-life (17h) (Forgue
et al., 2006) and documented blood-brain barrier pene-
tration in rodents (Garcia-Barroso et al., 2013).

Materials and methods

The trial followed good clinical practice and was moni-
tored by the good clinical practice unit in the Capital
Region, Denmark. The Ethics Committee in the capital
region of Denmark (H-16020836), the Danish Medicines
Agency (EudraCT-number: 2016-000896-26) and the
Danish Data Protection Agency (j.nr.: 2012-58-0004)
approved this study. The trial was registered at
ClinicalTrials.gov (NCT02801032) with the title ‘Effect
of Tadalafil on Cerebral Large Arteries in Stroke
(ETLAS). We obtained informed consent according to
the Declaration of Helsinki of 1964, as revised in 2008.

We included patients aged 50 years or older, with clinical and
radiological evidence of cerebral small-vessel disease and
small-vessel occlusion stroke, defined as lacunar stroke,
according to the TOAST criteria (Adams et al., 1993). All
patients had been admitted to the Department of Neurology,
Stroke Unit, Herlev Gentofte Hospital, Denmark, with acute
stroke at least 6 months prior to the first trial day. Patients
were recruited during hospital admission or through our out-
patient clinic. We recruited patients in 2016 and 2017, during
which all trial days occurred (see Supplementary material 1 for
inclusion and exclusion criteria).

This pilot study was a randomized, double-blinded, pla-
cebo-controlled, cross-over trial (Fig. 2). Trial eligibility
was determined using the inclusion and exclusion criteria.
We performed a neurological examination that included
blood pressure measurement (Microlife BP A100, Taipei,
Taiwan) and an electrocardiogram (GE Healthcare MAC
5500 HD, Chicago, IL, USA), as well as a basic blood
screening with same-day standard analysis. We applied
the Montreal Cognitive Assessment, National Institute of
Health Stroke Scale and modified Rankin Scale screening.
Prior to the trial, we evaluated the extent of cerebral
small-vessel disease and stroke lesions in the brain using
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Figure 2 Study protocol flowchart. BP: blood pressure; ECG: electrocardiogram; FLAIR: fluid-attenuated inversion recovery; HR: heart
rate; MOCA: Montreal Cognitive Assessment; mRS: modified Rankin Scale; NIHSS: National Institute of Health Stroke Scale; TIW 3D: T,-
weighted 3D.
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Figure 3 Trial day flowchart. Flowchart over trial day with the described methods. Time shown in minutes with medication time point set to
0 min. Red bars indicate pre-medication methods, green bar indicates medication time point and blue bars indicate post-medication methods. BP:

blood pressure; HR: heart rate.

cerebral MRI. The MRI scans were evaluated by an
experienced  neuroradiologist STandards for
Reportlng Vascular changes on nEuroimaging criteria
(Wardlaw et al., 2013). On the trial days, patients were
asked to refrain from food and drink starting midnight
the day before. Essential medication was allowed.
Patients received a single oral dose of either 20 mg
tadalafil (Cialis Eli Lilly) or placebo on 2 separate days
at least 1week apart. The Capital Region Hospital
Pharmacy, Denmark, performed the blinding and ran-
domization. Medication was blinded by packing tadalafil
and the corresponding placebo in opaque unidentifiable
capsules. We recorded several measurements at baseline
and up to 3h after medication. These included repeated
measurements of mean Vyca by transcranial Doppler
(TCD), blood oxygen saturation in the cortical microvas-
culature (ScO,) on the forehead bilaterally using near-in-
frared spectroscopy (NIRS), blood pressure and heart
rate, peripheral endothelial response by EndoPAT2000
and endothelial and inflammatory biomarkers in periph-
eral blood samples from a peripheral cubital venous

using

catheter. Figure 3 shows the trial day flowchart. We per-
formed measurements with the patient in supine position
on a comfortable bed in a quiet and dimly lit room at
21-24°C. A trial day lasted ~5 h.

MRI was performed with a 3-T MRI scanner (Philips,
Amsterdam, Netherlands), applying the following sequen-
ces: T{-weighted 3D, axial T, and fluid-attenuated inver-
sion recovery. MRI scans from the index stroke during
hospitalization included T, fluid-attenuated inversion re-
covery, T>* or susceptibility-weighted imaging, diffusion-
weighted imaging and apparent diffusion coefficient
sequences.

A time-averaged Vyica (cm/s) was determined by TCD
(2MHz, Multidop X Doppler, DWL; Libech &
Sipplingen, Germany) with concomitant bilateral measure-
using handheld probes according to

ments taken
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published methods (Kruuse et al., 2002). We calculated
the average of four measurements, covering approximate-
ly four cardiac cycles, each over a 30-s interval.
Furthermore, we calculated a mean Vy;cs from the right
and left Vyica average. To measure Vyica, we chose a
fixed point along the middle cerebral artery as close as
possible to the bifurcation between the middle cerebral
artery and the anterior cerebral artery. This fixed point
was used in each individual throughout the study, and
each measurement was taken after optimizing the signal
from this point. We noted orbitomeatal fix points for re-
application on the second trial day. We took baseline
measurements 80 and 20 min before medication adminis-
tration and took post-medication measurements every
30 min for up to 3h.

We measured continuous blood oxygen saturation (%) in
the cortical microvasculature (ScO,) using NIRS (INVOS
5100C, Somanetics, Troy, MI, USA) at the wavelengths
of 730 and 808 nm and an emitter—detector separation of
3 and 4cm (Olesen et al., 2018). The two optodes were
placed bilaterally on the forehead over each cerebral
hemisphere. We placed the centre of each optode on the
scalp ~3 cm above the supraorbital edge to reduce inter-
ference from the frontal and sagittal sinuses and supra-
orbital cutaneous blood vessels (Kishi et al., 2003).
Optodes were covered and fixed with tape. Baseline val-
ues were defined by a 15-min recording prior to medica-
tion administration. Post-medication measurements (5-min
duration) were done every 30 min for 3 h, concomitant to
TCD measurements. We calculated a mean ScO, from
the right and left ScO, for each measurement.

We assessed endothelial function and arterial stiffness by
peripheral arterial tonometry, non-invasively using finger
plethysmography (EndoPAT2000; Itamar Medical Ltd,
Caesarea, Israel) according to the published methods
(Hansen et al., 2017; Butt et al., 2018). Peripheral endo-
thelial function was evaluated by measuring the pulse
wave amplitude on the index finger via pneumatic finger
probes during a reactive hyperaemia phase of the forearm
vascular bed (Kuvin et al., 2003). The measurement con-
sisted of a 6-min baseline, 5-min occlusion and 4-min re-
active hyperaemia phase. We calculated a
hyperaemia index using baseline and reactive hyperaemia
pulse wave amplitude values, by a computerized, auto-
mated algorithm provided by the EndoPAT2000 soft-
ware. Reactive  hyperaemia  index
automatically normalized to the simultaneous signal from
the control arm to reduce potential systemic effects.
Arterial stiffness, expressed as an augmentation index,
was measured by a computerized, automated analysis of
the arterial waveform and averaged from the pulse wave

reactive

values  were
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amplitude during the baseline period. The augmentation
index was defined as the difference between the second
and first systolic peaks in the arterial waveform,
expressed as a percentage of the central pulse pressure.
Due to the influence of heartrate on augmentation index,
the values were automatically normalized to a heart rate
of 75 beats per minute (AI@75) by the EndoPAT2000
software. We took EndoPAT recordings at baseline and
3 h post-medication.

A vperipheral cubital venous catheter (BD Venflon Pro,
NJ, USA) was placed in the dominant arm, and the pa-
tient was left resting for 30 min. We drew baseline blood
samples immediately prior to administering medication/
placebo and sampled again at the end of the trial day.
Using multiplex enzyme-linked immunosorbent assay in
commercially available kits (Mesoscale, MD, USA), we
analysed the following biomarkers: E-selectin, tumour ne-
crosis factor alpha, interleukin-6 (IL-6), interleukin-1beta
(IL-1p), vascular cell adhesion molecule 1, intercellular
adhesion molecule 1, and vascular endothelial growth
factor (VEGF) (Butt et al., 2018). We diluted samples 2-
fold in Diluent 41 prior to measurements and ran en-
zyme-linked immunosorbent assay in duplex. Samples
were analysed using the MSD Discovery Workbench soft-
ware. The concentration for the lower limit of detection
was calculated based on a signal 2.5 SD above the blank
(zero) calibration value. We accepted a coefficient of vari-
ation (CV) value cut-off of 25%.

We measured blood pressure (Microlife BP A100, Taipei,
Taiwan), heart rate and side effects twice at baseline and
once every hour post-medication for the rest of the trial
day. Participants reported side effects on a specific ques-
tionnaire for up to 3 days after each trial day. Three days
was chosen for side effects reporting because of tadalafil’s
long Ty, (17h). The questionnaire included prefilled
common side effects for tadalafil, as well as blanks to re-
port other experienced side effects.

All values in text are presented as mean * standard devi-
ation unless otherwise stated. This trial was a pilot study,
and the outcomes and treatment have never previously
been investigated in this patient group. We chose sample
size based on previous studies with a similar number of
patients who investigated TCD as endpoint in patients
with migraine and healthy individuals (Kruuse et al.,
2002; Kruuse et al, 2003; Birk et al., 2004; Kruuse
et al., 2005). For TCD and NIRS, the mean values for
each time point were used for further statistical analyses.
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All data were corrected by subtracting the mean of pre-medi-
cation baseline values. We performed a repeated-measures
ANOVA for TCD, NIRS, blood pressure and heart rate. A
paired-sample #-test was used to analyse EndoPAT and blood
samples. These statistical analyses were used to determine dif-
ferences between tadalafil and placebo groups before and
after treatment. To directly compare the two treatment arms,
we calculated delta values by subtracting measurements of
corresponding time points from placebo and active treatment.
Raw baseline-subtracted data and delta values were analysed
using repeated-measures ANOVA. When we found a signifi-
cant effect of time, we performed further post hoc analyses
using paired-sample t-tests. ANOVA was performed using
STATA v. 13.1. A two-sided P-value of <0.05 was consid-
ered statistically significant.

Fully anonymous data used for the findings of this trial
are available upon reasonable request by contacting the
corresponding author.

Results

Twenty patients were included in this trial. Patient char-
acteristics are shown in Table 1. The patients were dis-

tributed according to the relevant lacunar stroke
Table | Subject characteristics (n =20)
Age (years) 67.1 £93
Male gender 17
BMI (kg/m?) 260 + 4.6
Hypertension 14
Type 2 diabetes 2
Smoking status
Current 4
Previous 10
Never 6
Cholesterol (mmol/l)
Total 45*08
LDL 21 =10
HDL 1.7+04
HbA I ¢ (mmol/mol) 374+ 64
NIHSS (score range 0—42) 0204
mRS (score range 0-6) 0.7 £05
MOCA (score range 0-30) 267 £29
Index stroke localization
Internal capsule/lentiform 4
Internal border zone 3
Centrum semiovale 4
Thalamus/hypothalamus 6
Brainstem, incl. pons 4
Anterior border zone 0
Posterior border zone 0

Results shown as mean = SD or an amount (n). Index stroke localization was deter-
mined from an MRl scan (index scan) upon patient admittance to the stroke
department.

BMI: body mass index; HbA | c: haemoglobin Alc; HDL: high-density lipoprotein; LDL:
low-density lipoprotein; MOCA: Montreal Cognitive Assessment; mRS: modified
Rankin Scale; NIHSS: National Institutes of Health Stroke Scale.
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syndrome with 40% with pure motor stroke, 20% with
pure sensory stroke, 10% with sensorimotor stroke, 10%
with ataxic hemiparesis, 0% with dysarthria—clumsy hand
and 20% with atypical lacunar syndrome. One partici-
pant dropped out after the first trial day due to side
effects (placebo day). This patient was not replaced and
not included in further statistical analysis for primary
and secondary outcomes. Baseline data for all measure-
ments and index stroke localization are
Table 2. We observed no new ischaemic events in any
patient from index stroke to inclusion evaluated with
MRI post-inclusion. cerebral small-vessel disease extent
was assessed using the STandards for Reportlng Vascular
changes on nEuroimaging criteria (Table 3).

shown in

Repeated measurement analyses showed no significant dif-
ference in AVyica between tadalafil and placebo from base-
line to 3 h post-medication (P=0.37). However, when we
compared the two treatments using a paired-sample #-test
for all time points, we observed significant differences.
Thirty minutes post-medication, AVyica was significantly
lower in the tadalafil group than in the placebo group with
a mean difference of 2.39 =4.01cm/s (P=0.009). After
90min, the mean difference between groups was
2.54 +4.60cm/s (P=0.013). We found no significant dif-
ference in AVyca at the remaining time points.

We observed a significant difference from baseline to 3 h post-
medication in ScO, levels between the treatments (P = 0.0014),
and post hoc analyses showed an increase in ScO, in the

Table 2 Baseline data of outcomes

TCD (cm/s) 574 = 10.8
NIRS (ScO,) (%) 67.0 +82
DiaBP (mmHg) 81.3 x 9.1
SysBP (mmHg) 145.8 = 19.5
Heart rate (bpm) 624 + 122
EndoPAT
RHI 24+08
Al 23.1 = 167
Al@75 147 = 14.8
Biomarkers (pg/ml)
E-selectin 4730 = 2510
TNF-o 212+ 0816
IL-6 0.998 + 0.474
IL-Ibeta 0.139 = 0.104
VCAM-I 705000 *+ 27 600
ICAM-| 407000 = 182000
VEGF 22.8 + 9.0l

Results shown as mean = SD. Baseline data calculated as a mean of the baseline
recording from Visits | and 2.

Al: augmentation index; AI@75: augmentation index standardized to a heart rate of
75; DiaBP: diastolic blood pressure; ICAM-1: intercellular adhesion molecule 1; IL:
interleukin; RHI: regional hyperaemia index; SysBP: systolic blood pressure; TNF-o: tu-
mour necrosis factor alpha; VCAM-I: vascular cell adhesion molecule I; VEGF: vascu-
lar endothelial growth factor.



Tadalafil in stroke

tadalafil group with a mean difference of 1.57 + 3.02% at
180 min post-medication (P = 0.018). We found no significant
difference in ScO, at earlier time points (see Fig. 4).

We found no significant differences in peripheral endothe-
lial function between tadalafil and placebo groups when

Table 3 STRIVE evaluation

STRIVE Mean = SD
WMH
Periventricular WMH (0-3) 2.05 = 0.83
Deep WMH (0-3) 1.65 = 0.93
Microhaemorrhage (n) 1.45 £ 295
Enlarged perivascular space
Basal ganglia (0—4) 1.25 = 0.55
Centrum semiovale (0—4) 1.50 = 0.76
Midbrain (0-1) 0.35 £ 0.49

Evaluated according to ‘STandards for Reporting Vascular changes on nEuroimaging’
(STRIVE). White matter hyperintensities are graded according to the Fazekas’s score
(Fazekas et al., 1987). Microhaemorrhage presented as mean numbers of microhae-
morrhage for all patients included. EPVS for basal ganglia and centrum semiovale is
graded from 0 to 4 (Doubal et al., 2010). 0: no EPVS; I: I-10 EPVS (mild); 2: 11-20
EPVS (moderate); 3: 21-40 EPVS (frequent); and 4: >40 EPVS (severe). Enlarged peri-
vascular space for midbrain is graded from 0 to |. 0: no EPVS visible and |: EPVS
visible.

EPVS: enlarged perivascular space; WMH: white matter hyperintensity.
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comparing all measurements from baseline to 180 min
post-medication: reactive hyperaemia index (P =0.45),
augmentation index (P=0.19) and AI@75 (P=0.19).

Diastolic blood pressure significantly decreased over time
in the tadalafil group compared to the placebo group
(P=0.0011). Tadalafil treatment reduced the diastolic
blood pressure relative to the placebo group at 60, 120
and 180 min post-medication. The mean difference after
60 min was 5.26 * 8.40 mmHg (P=0.007), the mean dif-
ference after 120 min was 4.74 = 9.85 mmHg (P =0.025)
and the mean difference after 180min  was
7.89 = 7.34mmHg (P=0.0001). There was no significant
difference in systolic blood pressure (P=0.125) or heart
rate (P=0.718) over time.

Levels of IL-18 were significantly lower in the tadalafil
group than in the placebo group at 180 min post-medica-
tion, with a mean difference between groups of
0.0870 £ 0.139 pg/ml (P=0.014). Vascular cell adhesion

B arsco, (%) Near Infrared Spectroscopy

-e-Tadalafil
-=-Placebo
0 30 60 90 120 150 180
Time (min)
D AsysBP Systolic blood pressure

(mmHg) 15
10

-5
-10

:

-80 0 60 120 180
Time (min)

Figure 4 Result graphs. Results shown as mean * SD. Delta values between measurements at a specific time point compared with the
baseline value. Blue data series represents the tadalafil group, and red represents the placebo group. Graph A shows transcranial Doppler, graph
B shows near-infrared spectroscopy, graph € shows diastolic blood pressure and graph D shows systolic blood pressure. For visual purposes,
the baseline recordings are set to time —80 and 0 min for the TCD graph, —80 and 0 min for the blood pressure graphs and 0 min for the NIRS
graph. A reduced cerebral blood flow is well known in cerebral small-vessel disease. In this pilot trial, we found that tadalafil may increase
cerebral microperfusion in small-vessel occlusion stroke. This is interesting, since it suggests a new target in treating this cerebrovascular disease.

A larger clinical trial is planned.
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Table 4 Side effects

Side effects Tadalafil Placebo

Headache 2
Abdominal pain |
Back pain 0
Nasal congestion |
Dizziness 0
Sleeping problem |
Fatigue 0

—o—onN — —

The side effects shown in the table were registered. Results shown as the number of
subjects who experienced side effects after tadalafil and placebo administration.

molecule 1 levels were significantly higher in the tadalafil
group, with a mean difference between groups of
217 £209ng/ml (P=0.0089). Likewise, intercellular ad-
hesion molecule 1 levels were significantly higher in the
tadalafil group, with a mean difference between groups
of 125 =329 ng/ml (P=0.021). We found no significant
differences between tadalafil and placebo groups for lev-
els of E-selectin (P=0.39), tumour necrosis factor alpha
(P=0.31), IL-6 (P=0.42) or VEGF (P=0.47).

We noted few side effects from medication and placebo
treatment. After the trial days, 28 out of 39 side effect
handouts were returned. All registered side effects were
self-limited within 1 day (see Table 4 for registered side
effects).

Discussion

In this randomized, double-blinded, placebo-controlled
cross-over pilot study, we investigated whether tadalafil
treatment had vascular effects in patients with cerebral
small-vessel disease and previous small-vessel occlusion
stroke. The patients also had additional signs of cerebral
small-vessel disease, including higher Fazekas scores,
enlarged perivascular space and microbleeds, as deter-
mined by the STandards for Reportlng Vascular changes
on nEuroimaging criteria (Table 3). Previous studies of
patients with migraine and healthy young subjects
showed that PDESi, such as sildenafil, do not change
Vmca (Kruuse et al., 2002; Kruuse et al., 2003).
However, we hypothesized different findings in patients
with altered endothelial function. Here, we found that
tadalafil treatment significantly increased blood oxygen
saturation in the cortical microvasculature as measured
by NIRS 180 min after administration of tadalafil com-
pared to placebo. Using repeated-measures ANOVAs, we
found no difference in TCD results between treatments
over time. However, when using a paired-sample #-test to
compare individual time points for tadalafil and placebo
treatments, we noted a significant decrease in Vyica in
the tadalafil group. Thus, our TCD results warrant fur-
ther studies because these results are ambiguous. In
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addition, effects of tadalafil treatment on the size of vari-
ous cerebral vessels should be tested in larger trials. We
saw that the tadalafil group had significantly lower dia-
stolic blood pressure than the placebo group. There was
no effect on peripheral endothelial function measured
with EndoPAT. Interestingly, the tadalafil group had
lower levels of circulating inflammatory marker IL-18
and higher levels of the adhesion molecules vascular cell
adhesion molecule 1 and intercellular adhesion molecule
1 compared to the placebo group. These findings indicate
endothelial involvement, but further studies are needed to
fully understand these implications.

Stroke is not based on just one disease pathology but
encompasses a range of cerebro- or cardiovascular
changes and causes. Anti-platelet therapy is used for most
subgroups of ischaemic stroke, but it does not target the
underlying vascular pathology of most patients with cere-
bral small-vessel disease. Some patients with small-vessel
occlusion stroke secondary to occlusion or stenosis at the
origin of a deep penetrating artery by a microatheroma
or a plaque (branch atheromatous disease) have a high
risk of recurrent stroke. These patients may reduce the
risk of recurrent stroke if treated with anti-platelet ther-
apy due to the atheromatous component (Arboix et al.,
2014).

Endothelial dysfunction with reduced NO-cGMP sig-
nalling in the vessel wall is a likely component in media-
ting cerebral small-vessel disease and small-vessel
occlusion stroke (Horsburgh et al., 2018), as well as a
contributor to reduced CBF in patients with cerebral
small-vessel disease (Shi et al., 2016). Therefore, cGMP
degradation inhibitors, specifically the PDESi, could in-
crease either local or general CBF in patients with cere-
bral small-vessel disease, thus presenting a potential new
treatment target for cerebral small-vessel disease. This
mechanism is of particular interest because PDES expres-
sion does not appear to diminish with age (Vasita et al.,
2019), unlike endothelial NO synthase (Seals et al.,
2011). Studies evaluating CBF or surrogate markers of
CBF in healthy subjects found no change in CBF or
Vmca after PDESi treatment (Kruuse et al., 2002;
Arnavaz et al., 2003; Kruuse et al., 2009). However,
NO-cGMP signalling should be intact in healthy subjects.
It is proposed that PDESi treatment only increases CBF
in cases of a dysfunctional NO-cGMP signalling
(Diomedi et al., 2005; Rosengarten et al., 2006; Al-
Amran et al., 2012), as seen in patients with cerebral
small-vessel ~ disease and  endothelial  dysfunction
(Knottnerus et al., 2009; Hainsworth et al., 2015). Our
findings after a single dose of tadalafil support this
theory.

NIRS makes it possible to measure blood oxygen satur-
ation in the microvasculature of the cerebral cortex,
which can serve as a surrogate for regional cerebral tissue
perfusion and regional CBF (Reinhard et al., 2006;
Oldag et al., 2016). An increase in ScO, signal is consid-
ered to correlate to an increase in CBF and perfusion
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(Vernieri et al., 2004; Taussky et al., 2012). In this study,
TCD sonography was used to assess vascular conditions
by measuring blood flow velocity in the middle cerebral
arteries (D’Andrea et al., 2016). Combining NIRS and
TCD makes it possible to assess cerebrovascular reactivity
and CBF, though studies using the two methods simul-
taneously are scarce (D’Andrea et al., 2016; Oldag et al.,
2016).

We found that a single dose of tadalafil significantly
increased ScO, at 180 min post-medication compared to
placebo. Starting at 60 min post-medication, we observed
a non-significant increase in ScO, (see Fig. 4). These
results suggest that tadalafil improved superficial regional
cerebral tissue perfusion and regional CBF by affecting
cerebral microvasculature. These findings are consistent
with previous results of studies of elderly subjects where
sildenafil improved muscle perfusion in peripheral small
arteries (Nyberg et al, 2015). In the TCD data, we
detected a non-significant trend towards a lower Vyca in
the tadalafil group compared to placebo. Dilation of cere-
bral blood vessels may lead to a decrease in Vyca if the
flow is kept constant according to the principles of
F=nr* x V (flow = blood vessel cross-section area x
blood flow velocity) (Dahl et al., 1989). Thus, our results
could indicate minor vasodilatory response to tadalafil.
Since the results are non-significant, we cannot conclude
on this based on our data. In previous studies on healthy
subjects, the PDESi sildenafil did not alter CBF or dilate
normal appearing large cerebral arteries (Kruuse et al.,
2002). The trend in velocity change detected in the pre-
sent study may reflect an altered NO-cGMP pathway
related to endothelial dysfunction.

Another interesting, but novel view on cerebral small-
vessel disease concerns capillary dysfunction. Neuronal
tissue with capillary dysfunction has reduced CBF and
perfusion. To accompany a reduced blood supply, an in-
crease in blood oxygen extraction is seen (Ostergaard
et al., 2016), which theoretically could correspond to a
reduced ScO,. We found an increase in ScO, after tada-
lafil, which should be seen in cerebral tissue with
increased perfusion. The issue of capillary dysfunction in
cerebral small-vessel disease requires further investigation.

Few studies have assessed the effect of PDESi in human
cerebral stroke (Lorberboym et al., 2010; Lorberboym
et al., 2014; Di Cesare et al., 2016). Two studies of silde-
nafil or tadalafil use measured CBF using single-photon
emission computed tomography before and after treat-
ment (Lorberboym et al, 2010; Lorberboym et al.,
2014). Both PDESi reduced regional CBF in areas periph-
eral to the prior stroke; however, other areas mostly
contralateral to the stroke showed increased regional
CBF, indicating a steal phenomenon that shunted blood
from the affected area (Lorberboym et al, 2010;
Lorberboym et al., 2014). However, these general stroke
studies were not specific for patients with cerebral small-
vessel disease. The effects of a PDESi (PF-03049423) on
functional outcome in patients with acute stroke were the
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focus of a single study. The authors found no effect using
several tests, including the National Institute of Health
Stroke Scale, modified Rankin Scale and different neuro-
psychological tests; however, the study indicated a good
tolerability profile (Di Cesare et al., 2016). Moreover, an-
other study tested the tolerability of 25 mg sildenafil in
subacute stroke and revealed a good safety profile in this
patient group (Silver et al., 2009).

We found no significant change in peripheral endothe-
lial function as measured by EndoPAT2000. However,
we previously found that same-day measurements were
moderately reliable in healthy individuals and patients
with stroke, which limits the use of these results (Hansen
et al., 2017). As expected, tadalafil significantly reduced
diastolic blood pressure compared to placebo, a well-
documented effect (Kruuse et al., 2002; Prisant, 2006).

Tissue inflammation may be involved in cerebral small-
vessel disease pathophysiology because activation of in-
flammatory cytokines and recruitment of inflammatory
cells are believed to induce neuronal cell damage (Yilmaz
and Granger, 2008; Rouhl ef al., 2012; Wiseman et al.,
2014). Activation of these inflammatory pathways is
thought to be associated with blood-brain barrier dys-
function, but more evidence is needed (Shi and Wardlaw,
2016). Our study showed that tadalafil caused a signifi-
cant decrease in IL-1f, a potent pro-inflammatory cyto-
kine, known to worsen cell damage post-stroke
(Dinarello, 2010; Lopez-Castejon and Brough, 2011).
Levels of tumour necrosis factor alpha and IL-6 were not
affected by tadalafil treatment, though these inflammatory
markers are more active in the acute inflammatory
response post-stroke and probably not the chronic in-
flammation seen in cerebral small-vessel disease
(Waje-Andreassen et al., 2005; Bokhari et al., 2014).
VEGF, a neuroprotective growth factor involved in neu-
rovascular remodelling post-stroke (Ma et al., 2012), was
not affected by tadalafil treatment. Vascular cell adhesion
molecule 1, intercellular adhesion molecule 1 and E-selec-
tin are involved in inflammatory cells adhesion to the
endothelium and transport across the blood-brain barrier
to the ischaemic area (Yilmaz and Granger, 2008). We
observed that tadalafil had no significant effect on E-
selectin levels but increased plasma levels of both vascular
cell adhesion molecule 1 and intercellular adhesion mol-
ecule 1. This increase was unexpected based on our hy-
pothesis that tadalafil would decrease the inflammatory
response, based on previous findings where sildenafil
treatment lowered these markers in patients with type 2
diabetes (Aversa et al., 2008). The extent and role of
these inflammatory and endothelial markers role in cere-
bral small-vessel disease remains unclear.

This trial indicates that PDESi have positive effects on
cerebrovascular reactivity and cerebral blood perfusion in
patients with cerebral small-vessel disease stroke. Our
results generate hypotheses for future larger studies. A
parallel clinical trial was conducted in a similar popula-
tion group as our study, which applied a single dose of
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tadalafil and used arterial spin labelling MRI (clinical
trial number: NCT02450253) (Pauls et al., 2017). This
study aimed to detect regional CBF changes in deep brain
areas, but results are not yet published.

The possible role of brain atrophy in cerebral small-
vessel disease and cognitive impairment is highly interest-
ing. It is well known that patients with cerebral small-
vessel disease have more abundant brain atrophy com-
pared to age-matched controls; however, the mechanisms
involved remain to be found (Wardlaw et al., 2013). One
study found that only patients with cerebral small-vessel
disease with brain atrophy showed signs of cognitive im-
pairment (Grau-Olivares et al., 2010). Another study on
patients with cerebral small-vessel disease with recurrent
stroke found that brain atrophy was caused by the small-
vessel occlusion strokes (Duering et al, 2012). These
findings suggest that cognitive impairment in patients
with cerebral small-vessel disease is related to brain atro-
phy following small-vessel occlusion stroke. The role of
non-symptomatic covert small-vessel occlusion stroke on
cognition may be an important target to investigate, since
it has been found that these patients have increased the
risk of neuropsychological deficits and cognitive impair-
ment (Blanco-Rojas et al., 2013).

We propose that additional studies should investigate
long-term effects of daily tadalafil administration in com-
bination with CBF measurements. Further studies on
patients with cerebral small-vessel disease should also in-
clude evaluations of brain atrophy and extended neuro-
psychological
better.

evaluations to understand this disease

The study was designed as a pilot to detect if tadalafil
improved vascular parameters in patients with cerebral
small-vessel disease with previous stroke. The small num-
ber of patients in this pilot study limits the possibility of
detecting significant differences between the measured
variables but indicates trends for further investigation.
Although we aimed to recruit both sexes, few women
participated in the study, resulting in a selection bias. In
addition, TCD measurements meant that only large ves-
sels were detected and NIRS measurements were only
localized to the frontal lobes. Future studies should apply
methods to assess global CBF and regional or deep brain
area blood flow, such as arterial spin labelling MRI or
PET. When doing TCD, we did not assess end-tidal
PCO,, which is a variable known to influence Vyica
(Cencetti et al., 1997). However, previous studies found
that PCO, did not change after sildenafil treatment
(Kruuse et al., 2003). Finally, NIRS measurements might
be influenced by extracranial vasculature or venous
sinuses and results could be biased by optode replace-
ment between trial days (Kishi et al, 2003). We
addressed this concern by measuring and noting the pos-
ition of the optodes.
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Conclusion

This pilot study found that a single dose of tadalafil
(20 mg) improved some vascular measurements in patients
with radiological and clinical evidence of cerebral small-
vessel disease stroke. Tadalafil increased regional blood
oxygen saturation in the microvasculature of the brain
180 min post-medication, indicating improved perfusion
of the cerebral microvasculature. Tadalafil treatment also
decreased diastolic blood pressure. These effects were
minor but significant. Future studies need to further in-
vestigate the effects of PDESi on CBF and perfusion in
patients with cerebral small-vessel disease stroke, ideally
using MRI or PET techniques.
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